-Physical inactivity and disuse result in skeletal muscle metabolic disruption, including insulin resistance and mitochondrial dysfunction. The role of the Toll-like receptor 4 (TLR4) signaling pathway in contributing to metabolic decline with muscle disuse is unknown. Therefore, our goal was to determine whether TLR4 is an underlying mechanism of insulin resistance, mitochondrial dysfunction, and skeletal muscle ceramide accumulation following muscle disuse in mice. To address this hypothesis, we subjected (n ϭ 6 -8/group) male WT and TLR4 Ϫ/Ϫ mice to 2 wk of hindlimb unloading (HU), while a second group of mice served as ambulatory wild-type controls (WT CON, TLR4 Ϫ/Ϫ CON). Mice were assessed for insulin resistance [homeostatic model assessmentinsulin resistance (HOMA-IR), glucose tolerance], and hindlimb muscles (soleus and gastrocnemius) were used to assess muscle sphingolipid abundance, mitochondrial respiration [respiratory control ratio (RCR)], and NF-B signaling. The primary finding was that HU resulted in insulin resistance, increased total ceramides, specifically Cer18:0 and Cer20:0, and decreased skeletal muscle mitochondrial respiration. Importantly, TLR4
lipids; insulin resistance; physical inactivity; inflammation; sphingolipids IT IS WELL UNDERSTOOD THAT PHYSICAL inactivity and muscle disuse precipitate metabolic decline and muscle atrophy in rodents and humans (9, 17, 30, 31, 34) . Because skeletal muscle is a major site of glucose regulation, it is not surprising that inactivity in the form of muscle disuse can significantly disrupt skeletal muscle glucose handling and induce insulin resistance and mitochondrial dysfunction (6, 10, 31, 34, 47) . Further understanding of the mechanisms associated with skeletal muscle metabolic disruption are needed to develop therapies to effectively treat muscle disuseinduced metabolic disorders.
Toll-like receptor 4 (TLR4) is a critical cell surface receptor involved in innate immunity. Skeletal muscle TLR4 abundance has been associated with insulin resistance in diabetic and obese humans (37) and is elevated in aged muscle (22) and in older adults during bed rest (18) . In response to specific agonists (e.g., LPS), TLR4 activates NF-B, thereby, upregulating classical proinflammatory cytokines such as IL-6. In addition to inflammation, skeletal muscle TLR4 signaling can transcriptionally upregulate rate-limiting enzymes involved in de novo ceramide synthesis (25) . TLR4 and ceramides are well appreciated to be regulators of insulin resistance (12) , particularly in human and mouse models of diabetes, obesity, and lipid overload (2, 13-15, 24, 26, 27, 35, 44 -46, 48) . However, there is much less mechanistic understanding of TLR4 and muscle ceramides in response to disuse (3, 5, 31) . To date, we have shown that TLR4/NF-B signaling is elevated in mouse and human skeletal muscle after a period of disuse (18, 31) . Furthermore, 1 wk of hindlimb unloading was shown to increase specific muscle ceramide species (38, 39) . However, the regulatory role of TLR4 on muscle ceramides during hindlimb unloading has not been investigated.
Evidence suggests that TLR4 signaling is also closely tied to altered mitochondrial function. Recent work from the Hulver laboratory showed that TLR4 activation (via LPS) decreased mitochondrial respiration in isolated mitochondria from rodent skeletal muscle (21) . In a follow-up study, McMillian et al. (32) reported that overactivation of skeletal muscle TLR4 in mice after 16 wk of high-fat feeding resulted in greater weight gain, further impairment of glucose tolerance, and inability to increase fatty acid oxidation compared with WT controls. Therefore, it is logical to surmise that TLR4 signaling may not only regulate the accumulation of ceramide in muscle but also impact mitochondrial respiration during hindlimb unloading (47) .
We previously reported that myeloid differentiation primary response gene 88 (MyD88) mediated skeletal muscle insulin resistance, inflammation, and upregulated ceramide biosynthetic enzymes during 2 wk of hindlimb unloading (31) . Since MyD88 is a critical adaptor protein for several TLRs, our next step was to move upstream to a specific Toll receptor, namely, TLR4. Our purpose was to narrow our focus to the specific pathway responsible for disuse-induced insulin resistance, while concurrently addressing the regulatory role of TLR4 on intramyocellular ceramides and mitochondrial respiration. We hypothesized that mice deficient of TLR4 would be protected from insulin resistance, skeletal muscle ceramide accumula-tion, and a decline in mitochondrial respiration during hindlimb unloading.
MATERIALS AND METHODS

Animals. Ten-week-old male wild-type (WT) and TLR4
Ϫ/Ϫ mice with a C57BL/6J genetic background (Jackson Laboratories) were housed in a conventional vivarium and maintained on a 12:12 h light-dark cycle and temperature-controlled environment (22-23°C). Animals were acclimated to the current environment approximately 1 wk before beginning the experiments. The Institutional Animal Care and Use Committee of the University of Utah approved these experiments.
Experimental design. Animals were assigned to one of four experimental groups (n ϭ 6 -8/group): 1) WT control (WT CON; n ϭ 7), 2) WT hindlimb unloading (WT HU; n ϭ 6), 3) TRL4 Ϫ/Ϫ control (TLR4 Ϫ/Ϫ CON; n ϭ 7), and 4) TLR4 Ϫ/Ϫ hindlimb unloading (TLR4 Ϫ/Ϫ HU; n ϭ 8). Control animals (WT CON, TLR4 Ϫ/Ϫ CON) were able to freely ambulate in their cage (2 or 3 animals/cage) and have ad libitum access to food (standard chow) and water during the 14-day experimental period. Animals in the HU group (WT HU, TLR4
Ϫ/Ϫ HU) underwent hindlimb suspension (two animals/cage), as we have done previously (31) . Briefly, a sterile surgical steel suture was inserted into the animals' tail while the animal was anesthetized. The steel suture was then shaped into a ring for later suspension onto a steel bar with a swivel. After a 5-day recovery period, the animals were suspended off the ground by their hindlimbs (30°) for 14-days. Animals had access to a 360°perimeter within the cage and able to reach food and water. All mice were monitored at least once daily for behavior and to make sure that they could reach their food and water. Body weight was recorded every other day. At day 13, CON and HU mice were fasted for 6 h and underwent a glucose tolerance test. Blood glucose levels (Bayer Contour) via a tail vein were determined immediately before (0) and 5, 15, 30, 60, and 120 min following the glucose injection (1 g/kg body wt). On day 14, mice were fasted for 6 h and anesthetized with isoflurane, and hindlimb muscles (soleus and gastrocnemius) were rapidly dissected, frozen in liquid nitrogen, and stored at Ϫ80°C for later analysis. At the same time, a sample of blood was collected for measurement of insulin (Insulin ELISA kit; Crystal Chem, Chicago, IL). Animals were euthanized with CO 2 immediately after tissue and blood collection.
Immunoblotting. Soleus muscles were homogenized 1:12 (wt/vol) using a glass tube and mechanically driven pestle grinder in an ice-cold buffer containing 50 mM Tris (pH 7.5), 250 mM mannitol, 40 mM NaF, 5 mM pyrophosphate, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100 with a protease inhibitor cocktail. Protein concentration was determined using the Bradford technique. Thirty micrograms of homogenate were separated via polyacrylamide gel electrophoresis, transferred onto a polyvinylidene difluoride membrane, and incubated with primary and secondary antibodies directed against the proteins of interest. Membranes were imaged on a ChemiDoc XRS (Bio-Rad, Hercules, CA) and were quantified with Image lab software (BioRad). The specific antibodies used to detect target proteins were phospho-Akt (Ser-473), total Akt, phospho-nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IB␣, Ser-32/36), total IkB␣, IL-6, and microtubule-associated protein 1 light chain 3 (LC3). All antibodies were used at a dilution of 1:500 -1:1,000 and were purchased from Cell Signaling Technologies (Danvers, MA). Secondary antibodies (1:6,000) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Data were expressed as phosphorylated relative to total, LC3 was expressed as LC3II/LC3I, and IL-6 protein was normalized to GAPDH.
Mitochondrial respiration. Freshly dissected soleus samples were placed in ice-cold buffer X containing (in mM) 60 K-MES, 35 KCl, 7.23 K 2EGTA, 2.77 CaK2EGTA, 20 imidazole, 0.5 DTT, 20 taurine, 5.7 ATP, 15 phosphocreatine, and 6.56 MgCl2 (pH 7.1) (4). Muscle fibers were gently pulled apart along the longitudinal axis to create small bundles of Ͻ7 fibers. Fiber bundles were then incubated in buffer X with 125 g/ml saponin while being mixed via mild inversion on a vertical rotator for 30 min at 4°C (4). After incubation in saponin, fiber bundles were washed 3 times for 15 min at 4°C in buffer Z containing (in mM) 110 K-MES, 35 KCl, 1 EGTA, 5 K2HPO4, 3 MgCl2, 0.5 mg/ml BSA, 0.005 glutamate, and 0.002 malate (pH 7.4) before analysis.
Mitochondrial respiration was assessed with a Clark-type highresolution oxygraph respirometer (Oxytherm, Hansatech Instruments, Kings Lynn, UK) maintained at 37°C (33) . Following calibration of the Clark oxygen electrode, permeabilized muscle fibers were incubated in the respirometer with 2 ml of buffer Z containing 20 mM creatine to saturate creatine kinases, while being continuously stirred at 37°C. Oxygen flux through complex I was measured using 5 mM glutamate and 2 mM malate. The ADP-stimulated respiration (state 3) was initiated by adding 0.25 mM ADP to the respiration chamber. Basal respiration (state 4) was determined in the presence of 10 g/ml oligomycin to inhibit ATP synthesis. The respiratory control ratio (RCR) was calculated by dividing oxygen consumption during state 3 respiration by the oxygen consumption during state 4 respiration.
Sphingolipid analysis. Sphingolipid analysis was performed as described previously (19) . Briefly, ϳ20 mg of gastrocnemius tissue was extracted using a modified Folch procedure with the addition of C17 ceramide (d18:1/17:0) as an internal standard (Avanti Polar Lipids, Alabaster AL). Following extraction, the lipid pellets were solubilized in 200 l of methanol, transferred to LC-MS vials, and analyzed by UPLC-ESI-MS. An Agilent 1290 UPLC system fit with an Acquity UPLC CSH C18 1.7 m 2.1 ϫ 50 mm column (Waters, Beverly MA) was employed to fractionate the lipid mixture An Agilent 6490 triple quadrupole mass spectrometer operated in the positive mode with the transitions listed in the Table 1 was used for detection. Mobile phase A consisted of acetonitrile in H2O (60% vol/vol) and mobile phase B consists of isopropanol in H2O (90% vol/vol), both containing 10 mM ammonium formate and 0.1% formic acid. The gradient initiated at 60% B, held for 1 min, and then ramped to 99% B over 9 min and maintained for 10 min. Flow rate was 0.2 ml/min, and the injection volume was 3 l. The source gas temperature was set to 150°C, with a drying gas flow of 14 l/min and a nebulizer pressure of 20 psi. Sheath gas temperature was 350°C, sheath gas flow was 11 l/min, capillary voltage of 3,000 V, high pressure radio frequency (RF) was 150 V, and low pressure RF was 60 V. All collision energies were 29, and cell accelerator voltages were 4. Data analysis was performed using Mass Hunter Quant B.07.00 (Agilent Technologies, Santa Clara CA).
Statistical analysis. Data are expressed as means Ϯ SD. Statistical analyses were conducted using Graph Pad Prism (version 7; San Diego, CA). Statistical analyses for animal experiments were conducted using a two-way ANOVA [Treatment (CON, HU) ϫ Group (WT, TLR4)]. When significant interactions occurred, Sidak post hoc tests were performed to determine specific differences. Area under the curve (AUC) was calculated using the trapezoid rule. Pearson correlations were used to determine relationships between ceramides, homeostatic model assessment-insulin resistance (HOMA-IR) glucose AUC, and mitochondrial function. Statistical significance was set at P Յ 0.05.
RESULTS
TLR4
Ϫ/Ϫ mice maintained insulin sensitivity and partly retained muscle size after 2 wk of hindlimb unloading. There was a treatment effect for body weight with HU (P ϭ 0.002) ( Table 1 and Fig. 1 ), but there was no group ϫ treatment interaction (P ϭ 0.2401). Body weight decreased by 9% only in TLR4 Ϫ/Ϫ mice after HU (P ϭ 0.0104). There was a group ϫ treatment interaction for soleus and gastrocnemius weight (P ϭ 0.0329 and P ϭ 0.0362, respectively). Soleus weight decreased after HU in both the WT and TLR4
Ϫ/Ϫ groups (P Ͻ 0.0001). However, the reduction in soleus weight after HU in the TLR4 Ϫ/Ϫ group was less compared with WT HU (P ϭ 0.003). Gastrocnemius weight also decreased in WT mice (P Ͻ 0.0001) and tended to decrease in TLR4 Ϫ/Ϫ mice (P ϭ 0.06). However, the reduction in gastrocnemius weight was attenuated in the TLR4 Ϫ/Ϫ group (P ϭ 0.03). There was a group ϫ treatment interaction for HOMA-IR (Fig. 1A) (P ϭ 0.0140), such that HOMA-IR significantly increased in the WT group after HU (P Ͻ 0.0001) and that this increase was significantly greater than the TLR4 Ϫ/Ϫ group after HU (P ϭ 0.0012). Finally, there was a group ϫ treatment interaction for glucose AUC (Fig. 1B) (P ϭ 0.0096). Glucose AUC was significantly higher only in the WT HU group compared with WT CON (P Ͻ 0.0001) and was significantly greater than the TLR4 Ϫ/Ϫ group after HU (P ϭ 0.0004).
TLR4 Ϫ/Ϫ mice maintained Akt and NF-B signaling after 2 wk of hindlimb unloading. There was a group ϫ treatment interaction for Akt phosphorylation at Thr-473 ( Fig. 2A) (P ϭ 0.0536). Akt phosphorylation decreased by ϳ70% after HU in WT group (P ϭ 0.0046) but was not different from the TLR4 Ϫ/Ϫ group after HU (P ϭ 0.1067). There was a group ϫ treatment interaction for IB␣ phosphorylation at Ser-32/36 ( Fig. 2B ) (P Ͻ 0.0001). IB␣ phosphorylation significantly increased by ϳ70% after HU only in the WT group (P Ͻ 0.0001), and this response was higher than the TLR4 Ϫ/Ϫ group after HU (P Ͻ 0.0001). There was a group ϫ treatment interaction for IL-6 protein expression (Fig. 2C ) (P ϭ 0.0016). IL-6 protein abundance significantly increased by ϳ400% after HU in the WT group (P Ͻ 0.0001) and ϳ150% in TLR4 Ϫ/Ϫ group after HU compared with the respective control groups (P ϭ 0.0062). However, IL-6 protein abundance after HU in the WT group was significantly higher than the TLR4 Ϫ/Ϫ HU group (P Ͻ 0.0001). Finally, there was a group ϫ treatment interaction for LC3II/LC3I protein expression (Fig. 2D ) (P Ͻ 0.0001). LC3II/LC3I expression increased only in the WT group after HU by ϳ100% (P Ͻ 0.0001) and was significantly different than the TLR4 Ϫ/Ϫ HU group (P Ͻ 0.0001).
Ϫ/Ϫ mice partly maintained mitochondrial respiration after 2 wk of hindlimb unloading. There was a group ϫ treatment interaction for RCR (Fig. 3A) (P Ͻ 0.0001). Respiratory control ratio was significantly decreased by ϳ75% after HU in WT group (P Ͻ 0.0001) and similarly decreased in TLR4 Ϫ/Ϫ group after HU by ϳ30% (P ϭ 0.0005). The decrease in RCR after HU was attenuated in the TLR4 Ϫ/Ϫ group compared with the WT group (P Ͻ 0.0001). There was a group ϫ treatment interaction for ADP-stimulated state 3 respiration (Fig. 3B) (P ϭ 0.0518) . There was only a trend for state 3 respiration to be depressed in the WT group after HU (P ϭ 0.0711). Finally, there was a group ϫ treatment interaction for oligo-stimulated state 4 respiration (Fig. 3C ) (P ϭ 0.0082). State 4 respiration was significantly increased after HU only in the WT group (P Ͻ 0.0001), and this response was different than the TLR4 Ϫ/Ϫ group (P Ͻ 0.0001).
Ϫ/Ϫ mice were partly resistant to the accumulation of skeletal muscle ceramides after 2 wk of hindlimb unloading. The total abundance of skeletal muscle phosphoceramides (Fig. 4A) and sphingomyelin (Fig. 4B) was not altered as result of HU, nor were these different between WT and TLR4 Ϫ/Ϫ groups. Alternately, there was a treatment effect for skeletal muscle glucosylceramides (Fig. 4C) (P ϭ 0.0053) but no interaction (P ϭ 0.6080). Glucosylceramide skeletal muscle abundance was increased by ϳ100% after HU in the WT group (P ϭ 0.0436) but not in the TLR4 Ϫ/Ϫ group (P ϭ 0.1376). Finally, there was a group ϫ treatment interaction for total ceramide abundance (Fig. 4D) (P ϭ 0.0488) . Total ceramide abundance in skeletal muscle was increased after HU only in the WT group (P ϭ 0.0006). There were no differences between groups as a result of HU (P ϭ 0.2204).
TLR4 Ϫ/Ϫ mice were protected from the accumulation of skeletal muscle Cer20:0 but not Cer18:0 after hindlimb unloading. There was a treatment effect for Cer18:0 (P ϭ 0.0011). Cer18:0 significantly increased by ϳ30% as a result of HU in both WT and TLR4 Data are expressed as means Ϯ SD (6 -8/group). *Significantly different from respective control (CON), P Ͻ 0.05. #Significantly different from TLR4 Ϫ/Ϫ hindlimb unloaded (HU), P Ͻ 0.05.
Ϫ/Ϫ : P ϭ 0.0227). There was a tendency for a group ϫ treatment interaction for Cer20:0 (P ϭ 0.0634). Cer20:0 increased ϳ20% only in WT group as a result of HU (P ϭ 0.0145), but there was no detected difference between the WT and TLR4 Ϫ/Ϫ group as a result of HU (P ϭ 0.3073) (Fig. 5) . No other ceramide species were altered as a result of the treatment or between groups.
Skeletal muscle ceramides and mitochondrial respiration are related to insulin sensitivity and glucose tolerance. There was a positive correlation between total ceramides (Fig. 6A) (P ϭ 0.0104), Cer18:0 (Fig. 6B) (P ϭ 0.0336), and Cer20:0 (Fig. 6C) (P ϭ 0.0304) vs. glucose AUC. HOMA-IR was positively correlated with total ceramides (Fig. 6D ) (P ϭ 0.0504) and inversely correlated with RCR ( Fig. 6E ) (P Ͻ 0.0001). There was no relationship between HOMA-IR with Cer18:0 or Cer20:0 (data not shown).
DISCUSSION
The purpose of this study was to determine the regulatory role of TLR4 on muscle and metabolic disruption that occurs with physical inactivity and/or muscle disuse. The primary finding was that TLR4-deficient mice were protected from insulin resistance and impaired muscle NF-B signaling caused by HU. Moreover, TLR4 deficiency partly prevented the HU-induced accumulation of muscle ceramides and the decrease in mitochondrial respiration. Finally, intramyocellular ceramides and mitochondrial respiration were related to insulin resistance and glucose tolerance. These data provide evidence that TLR4 plays an important role in metabolic decline with muscle disuse. Disrupting activated TLR4 signaling during periods of inactivity/muscle disuse may serve as an important therapeutic strategy at reducing metabolic disease development.
In our prior study, we showed that MyD88, a downstream adaptor protein of TLR signaling, was a potent mediator of insulin resistance, glucose intolerance, impaired Akt and NF-B signaling, and partially induced muscle atrophy during 2 wk of HU (31) . We add to these findings and report for the first time that TLR4 similarly regulates insulin sensitivity, aberrant muscle cell signaling, and muscle size with HU. It is reasonable to speculate that modest weight loss observed in the TLR4 Ϫ/Ϫ mice may have partially contributed to improved insulin sensitivity during HU since weight loss after a high-fat diet in mice improve glucose homeostasis (29) . Although this may be the case, we contend that muscle and metabolic adaptations to HU are also due to TLR4 since TLR4 signaling is well documented to robustly influence metabolic dysfunction during high-fat feeding (25, 41, 43) . Moreover, we noted striking muscle and metabolic similarities in the current study compared with MyD88 Ϫ/Ϫ mice after HU (31) . This is in light of MyD88 Ϫ/Ϫ mice not losing body weight during HU (31). MyD88 is also an essential adaptor protein for TLR4. At this stage, it is unclear what cells (muscle, fat, liver) were responsible for muscle atrophy and metabolic decline with HU since we used a whole body TLR4 knockout animal in these experiments. It is quite possible that TLR4 signaling in one or more cell types could be driving the muscle and metabolic phenotype observed with HU. For example, Jia et al. (28) noted that hepatocyte-specific, but not myeloid-specific, TLR4-deficient mice were protected from obesity and inflammation after a 12-wk high-fat diet. In another study, mice with overexpressed skeletal muscle-specific TLR4 gained more weight and were more glucose intolerant on a high-fat diet than WT controls (32) . Nonetheless, our current and past data support that TLR4, likely through a MyD88-dependent pathway (31) , is a primary mechanism that causes insulin resistance and partly underlies muscle atrophy during HU. Studies evaluating tissue-specific effects of TLR4 during HU are warranted.
A major finding of this study was that 2 wk of HU in mice increased the sphingolipid intermediate, ceramide by ϳ34% within skeletal muscle tissue, and this response was partly ablated in TLR4 Ϫ/Ϫ mice. In contrast, Salaun et al. (39) did not observe any change in total muscle ceramides following 1 wk of HU in rats. The discordant findings could simply be a result of a shorter duration of HU compared with our study. However, when looking at the individual ceramide species, Salaun et al. (39) and our current study showed an increase in the Cer18:0 moiety following HU. Cer18:0, the most abundant skeletal muscle ceramide species, has been shown to be elevated in mouse skeletal muscle following a high-fat diet (7) and in myotubes of patients with Type 2 diabetes vs. physically active adults (5). We also observed an increase in the ceramide species, Cer20:0, and, like Cer18:0, it was positively correlated to glucose AUC. The specific metabolic role (if any) of Cer20:0 is unknown. It is important to point out that longchained ceramides (e.g., Cer22:0, Cer24:0) have been linked with insulin resistance in liver (36) , perhaps suggesting Cer20:0 may also play a similar role in skeletal muscle with HU. Interestingly, total muscle ceramide and Cer20:0 accumulation were modestly prevented in TLR4 Ϫ/Ϫ mice after HU. This finding suggests that ceramide accumulation partly stems from TLR4 signaling, but additional regulators of ceramide metabolism, such as other TLRs (e.g., TLR2) or alterations in ceramide flux (hydrolysis, salvage pathway) could play a part in ceramide accumulation with HU. Future investigations using myriocin and/or animals deficient in ceramide turnover would help address whether muscle ceramides are directly responsible for metabolic dysfunction with disuse.
Another interesting observation was that HU increased the total skeletal muscle abundance of glucosylceramides. The Summers laboratory (11) has elegantly showed that glucosylceramides impaired insulin sensitivity by accumulating in adipose but not muscle cells in mice fed a high-fat diet. In contrast, we found that glycosylceramides increased in gastrocnemius skeletal muscle after HU. We were limited in identifying the specific cell source of glucosylceramide accumulation in our study, since whole muscle, in addition to other muscle-resident cells such as adipose, immune and fibroblasts, were pooled during lipid isolation and lipidomic analysis. Regardless, heightened glucosylceramides in muscle-derived adipocytes could have secondary effects in skeletal muscle, such as altered insulin signaling (1) . The specific role of glucosylceramides in muscle will need to be further investigated to determine whether these sphingolipids regulate insulin sensitivity as a result of HU.
One of the other major goals of this study was to determine whether TLR4 regulates mitochondrial function since mitochondrial respiration has been reported to be impaired following HU in rodents (47) . Indeed, we are the first to show that under TLR4-null conditions following HU, mitochondrial respiration (RCR) was partially preserved, and this was mainly driven by maintenance of oligo-stimulated state 4 respiration. These data are complementary with those of Frisard et al. (21) , who showed that LPS, a stimulator of TLR4 signaling, reduced RCR in isolated mouse skeletal muscle mitochondria by ϳ70% (21) . In another study by this group, TLR4-mutant mice were protected from LPS-induced dysregulation in glucose and fatty acid oxidation (20) . We add to the body of TLR4 literature that TLR4 partly regulates mitochondrial respiration during HU, raising the investigation that additional mechanisms are involved in reducing mitochondrial respiration. For instance, decreased mitochondrial respiration may be regulated by cer- amides since muscle ceramides remained partly elevated in TLR4 Ϫ/Ϫ mice after HU. Emerging evidence suggest a possible regulatory role of ceramides on mitochondrial function (8, 16, 23, 40, 42, 45) . For example, Ussher et al. (45) showed that malonyl CoA decarboxylase KO mice (animals with deficient fatty acid oxidation) were protected from 12 wk of dietinduced insulin resistance and muscle ceramide accumulation. In this same study, the authors showed that myriocin not only protected against high-fat diet-induced insulin resistance and obesity, but also preserved oxygen consumption rates and treadmill exercise exhaustion time and distance (45) . However, caution is warranted in identifying a relationship between ceramides and mitochondrial respiration in our study, since these endpoints were examined in different muscles (soleus vs. gastrocnemius) because of limited tissue quantities. Together, our data support that TLR4 alters mitochondrial respiration with HU. Future experiments are needed to test whether ceramides mediate mitochondrial dysfunction with muscle disuse.
Perspectives and Significance
Our findings are the first to show that TLR4 mediates insulin resistance and partially regulates muscle ceramide accumulation, mitochondrial respiration, and muscle atrophy during HU. We also found that intramyocellular ceramides and mitochondrial respiration were modestly related to insulin sensitivity. Inhibiting molecules along the TLR4 axis may prove useful in preventing or reversing the development of metabolic disorders caused by muscle disuse.
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